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Abstract: Strongyloidiasis is life-threatening disease which is mainly caused by Strongyloides stercoralis
infection. Autoinfection of the parasite results in long-lasting infection and fatal conditions,
hyperinfection and dissemination (primarily in immunosuppressed hosts). However, mechanisms of
autoinfection and biology remain largely unknown. Rodent models including mice and rats are not
susceptible to the human isolate of S. stercoralis. Variations in susceptibility of the human isolate of
S. stercoralis are found in dogs. S. ratti and S. venezuelensis infections in rats are an alternative model
without the ability to cause autoinfection. The absence of appropriate model for the human isolate
of strongyloidiasis hampers a better understanding of human strongyloidiasis. We demonstrated
the maintenance of the human isolate of the S. stercoralis life cycle in the Mongolian gerbil (Meriones
unguiculatus). The human isolate of S. stercoralis caused a patent infection in immunosuppressed
gerbils, more than 18 months. The mean number of recovery adult parasitic worms were 120 ± 23
(1.2% of the initial dose) and L1s were 12,500± 7500 after day 28 post-inoculation (p.i.). The prepatent
period was 9–14 days. Mild diarrhoea was found in gerbils carrying a high number of adult parasitic
worms. Our findings provided a promising model for studying biology and searching new alternative
drugs against the parasites. Further studies about the hyperinfection and dissemination would
be performed.

Keywords: strongyloidiasis; Strongyloides stercoralis; Mongolian gerbil (Meriones unguiculatus);
hyperinfection; dissemination

1. Introduction

Strongyloidiasis is a parasitic disease, caused by Strongyloides spp. infections. Strongyloides
stercoralis is a major pathogenic species which is capable of infecting humans, dogs and non-human
primates. S. stercoralis infection causes significant health problems throughout the world, particularly
in Sub-Saharan Africa, South-America and Southeast Asia [1,2]. Approximately, 370 million people are
infected with the parasite [3–5]. The most unique characteristic of the parasite is the ability to multiply
and complete their life cycle within hosts as a result of so-called “autoinfection.” In immunocompetent
hosts, S. stercoralis can cause a long-lasting infection, up to 75 years [6,7]. In immunocompromised hosts,
the cycle of autoinfection can dramatically increase resulting in potentially life-threatening conditions,
including hyperinfection and dissemination. The autoinfective larvae (L3a) can penetrate through the
intestinal wall into other organs and cause death due to organ failure and sepsis. Mortality rates of
the hyperinfection and dissemination syndrome are 34.6–87% [8–11]. Moreover, fatal hyperinfection
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cases are also found, even in immunocompetent hosts [12,13]. The mortality rate of hyperinfection in
immunocompetent hosts is 22% [13]. The mechanisms of autoinfection and biology of S. stercoralis are
largely unknown. To obtain a better understanding of S. stercoralis infection in a human, an appropriate
animal model is required.

In the 1980s, dogs and Patas monkeys were used as a model for strongyloidiasis studies [14–18].
However, they are unsatisfactory to be a laboratory model, due to a few disadvantages, such as
difficulty of handling and high maintenance costs. Moreover, there are variabilities in susceptibility
of dogs to the human isolate of S. stercoralis [14,19–21]. Cats and ferrets are also demonstrated
for S. stercoralis infection, however, they are not able to develop a chronic infection as found in
humans. Most rodent models, including mice, rats, guinea pigs are not susceptible to S. stercoralis [22].
Although SCID mice is susceptible to S. stercoralis, only 0.02–0.3% of infective larvae can develop
into adult parasitic worms, even in a high initial dose of infective larvae [23]. Although S. ratti
and S. venezuelensis infections in rats are used as an alternative model for strongyloidiasis study,
these parasites lack the ability to cause the autoinfection which is the unique feature of S. stercoralis
infection in humans [24–26]. The Mongolian gerbil (Meriones unguiculatus) is an important model for
strongyloidiasis study. Gerbils are able to develop a chronic infection, up to 131 days. Moreover,
complicated conditions (hyperinfection and dissemination) are developed in immunosuppressed
animals [27]. However, most of the recent studies of the gerbil model used the dog isolate
S. stercoralis [28–30], while human isolate S. stercoralis is less developed in gerbils. Although marmoset
is able to develop uncomplicated and complicated strongyloidiasis, using human isolate S. stercoralis,
they are less than ideal laboratory host [31].

In this study, we developed the gerbil model for the human isolate of S. stercoralis. The human
isolate of S. stercoralis developed a chronic infection, more than 18 months, in immunosuppressed
gerbils. The findings of this study provide a useful model for the study of biology and novel drug
research of strongyloidiasis.

2. Results

2.1. Immunosuppressed Gerbils Were Susceptible to the Human Isolate of S. stercoralis

Thirteen Mongolian gerbils were immunosuppressed with 2 mg methylprednisolone (MPA)
and inoculated by subcutaneous injection with 1000 (group 1, N = 7) or 10,000 (group 2, N = 6) of
S. stercoralis infective stage larvae (iL3s) that were obtained from human faecal cultures (Table 1).
The susceptibility of infections was observed daily by faecal direct smear and agar plate after day 7
post-inoculation (p.i.). In group 1, two of five male gerbils were positive for S. stercoralis infection
by agar plates after day 9 p.i, while two female gerbils died unexpectedly on day 3 p.i. (Table 1).
The direct smear was negative in all gerbils (Table 1). After day 28 p.i., a few adult parasitic worms
(2–4 worms) were recovered from intestines of the two male gerbils (Table 1 and Figure 1A). No L1s
and L3a were found from the infected animals. With higher inoculation dose (group 2), all 4 male
gerbils were positive for S. stercoralis on direct smear and agar plates after day 9 p.i., while the 2 female
gerbils were negative. After day 28 p.i., three infected gerbils were euthanized, while the remaining
gerbil (no. 11) was used as the source of iL3s for the later experiment (group 3–8) and still alive at
18 months. Adult parasitic worms were found in small and large intestines. The number of recovered
adult parasitic worms from infected male gerbils varies from 22 to 188 worms and L1s were between
3500 and 22,000 worms (Table 1 and Figure 1). A few L1s were found in the lungs of one gerbil (gerbil
no. 8). No L3a were recovered from infected animals. Mild diarrhoea was noted in infected gerbils
carrying a high number of adult parasitic worms (gerbil no. 8).
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Table 1. Recovery of S. stercoralis adult parasitic worms and L1s 28 days after initial infection of gerbils
with S. stercoralis iL3s.

Source
of iL3s Group No. Gender Dose of

iL3s
Dose of

MPA
Direct
Smear

Agar
Plate

Recovered
Adult Parasitic

Worms

Recovered
L1s

Human

1

1

Male 1000 2 mg

− + 4 NF
2 − + 2 NF
3 − − NF NF
4 − − NF NF
5 − − NF NF

6
Female 1000 2 mg Death

7 Death

2

8

Male 10,000 2 mg

+ +++ 188 22,000
9 + ++ 22 4800

10 + ++ 55 3500
11 + +++ ND * ND *

12
Female 10,000 2 mg − − NF NF

13 − − NF NF

Gerbil

3
14

Male 4000 1 mg − + 7 66
15 − + 2 500

4
16

Male 5000 1 mg − + 20 110
17 − + 2 140

5
18

Male 10,000 1 mg + ++ 1 ND **
19 + ++ 55 ND **

6
20

Male 3000 2 mg + ++ 20 110
21 − − NF NF

7
22

Male 5000 2 mg Death
23 Death

8

24
Male 10,000 2 mg

+ +++ 143 20,000
25 + +++ 97 5000
26 + +++ ND * ND *

27
Female 10,000 2 mg − ++ 2 NF

28 − ++ 44 2000

Note: −: No tracks of migration and/or larvae were found; +: Only tracks of migration were found; ++: Free-living
adults were first seen on day 4-5; +++: Numerous free-living adults were first seen on day 3; *: Animals still alive; **:
The number of L1s could not be counted and estimated, due to a presence of numerous of stool faecal debris in
intestines; NF: not found; ND: no data.
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Figure 1. Recovery of S. stercoralis from gerbils infected with the human isolate of S. stercoralis (obtained
from human faecal cultures). The number of adult parasitic worms (A) and L1s (B) were represented.
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2.2. The Human Isolate of S. stercoralis Life Cycle Could Be Maintained by Gerbil-to-Gerbil Transfer

To maintain S. stercoralis life cycle by gerbil-to-gerbil transfer, we suspected that gerbils were more
susceptible to human isolate S. stercoralis which were obtained from infected gerbils obtained from
strongyloidiasis patient. We decreased doses of MPA and varied initial doses of iL3s. Six gerbils were
immunosuppressed with 1 mg MPA and two each inoculated with 4000 (group 3), 5000 (group 4) or
10,000 (group 5) S. stercoralis iL3s that were obtained from gerbil No.11 faecal cultures. All gerbils
faeces were positive for S. stercoralis by agar plates, while group 3 and 4 were negative by direct smear
after day 9 p.i. (Table 1). The number of recovered adult parasitic worms varies from 1 to 55 without
relationship with inoculation dosage (Table 1 and Figure 2A). Similarly, the number of recovered
L1s varies from 66 to 500 without relationship with inoculation dosage (Table 1 and Figure 2B).
Unfortunately, the number of L1s in gerbil group 5 could not be counted or estimated, due to the
presence of numerous of the stool faecal debris in intestines. No L3a were found from infected animals.
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Figure 2. Recovery of S. stercoralis from gerbils infected with the human isolate of S. stercoralis (obtained
from gerbil faecal cultures) (1 mg of MPA versus 2 mg of MPA). The number of adult parasitic worms
(A) and L1s (B) were represented.

The experiment was repeated with higher degree of immunosuppression. Nine gerbils were
immunosuppressed with 2 mg MPA and two each were inoculated with 3000 (group 6), 5000 (group 7)
and 5 gerbils with 10,000 (group 8) S. stercoralis iL3s that were obtained from gerbil No.11 faecal
cultures. One gerbil in group 6 and three gerbils in group 8 were positive for S. stercoralis by direct
smear and agar plates after day 9 p.i., while rest was negative (Table 1). Two female gerbils in group
8 were also positive by agar plates. Two gerbils in group 7 died unexpectedly on day 3 and 7 p.i.
One gerbil from the lowest inoculation (group 6) did not get infected. After day 28 p.i., the infected
gerbil from group 6, 2 male and 2 female gerbils from group 8 were euthanized. The remaining male
gerbil in group 8 still alive for 8 months. The number of recovered adult parasitic worms varies from 2
to 143 without relationship with inoculation dosage (Table 1 and Figure 2A). The number of recovered
L1s varies from 110 to 20,000 without relationship with inoculation dosage (Table 1 and Figure 2B).
A few L1s were found in the lungs of a gerbil in group 8 (gerbil no. 26). A few L3a were recovered in
the lungs (gerbil no. 26), representing an autoinfection.

3. Discussion

The absence of appropriate laboratory model for the human isolate of strongyloidiasis hampers
a better understanding of S. stercoralis infection in humans. The previous studies showed that the
Mongolian gerbil is susceptible to the dog isolate of S. stercoralis [32–34]. However, the dog isolate
of S. stercoralis might be different from the human isolate of S. stercoralis. Here, we demonstrate that
the immunosuppressed gerbils is a suitable laboratory animal to maintain the life cycle of the human
isolate of S. stercoralis.
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Although linear relationship between the inoculation dosage and adult worm recovery from
gerbil is not consistent, higher inoculation dosage of iL3s and MPA result in a high yield of worms and
larvae from gerbils (Figures 2 and 3). Unfortunately, the differences were not statistically significant.
It might be due to small size of animals per group. We found that male gerbils were more susceptible
to S. stercoralis infection more than female gerbils, (Table 1). This observation is consistent with
the results using the dog isolate of S. stercoralis. [27] Moreover, the source of iL3s (obtained from
strongyloidiasis patients and infected gerbils) did not influence the number of recovered adult parasitic
worms in gerbils.

Our percentage of recovery adult parasitic worms (1.2%) were slightly higher than recovery
worms in immunocompetent gerbils (0.29%) [34]. The percentage of recovered adult parasitic worms
of the human isolate of S. stercoralis were lower than the using the dog isolate of S. stercoralis (7%) [27,34]
The recovered L1s in this study was higher than the number of recovery worms in immunocompetent
gerbils up to ~ 20 folds [34]. The fecundity (L1s/adult ratio) was ~ 104.1, while the fecundity of the
dog isolate of S. stercoralis was 4.0–21.7 [27]. The result of coproparasitological examination by agar
plates showed that the L1s, excreted in faeces, were active and numerous, consistent with the number
of larvae recovered from the gut.

The human isolate of S. stercoralis can cause a persistent infection in MPA-treated gerbils as
found in humans (S. stercoralis, obtained from strongyloidiasis patients: for at least 18 months and
S. stercoralis, obtained from infected gerbils: for at least 8 months). The prepatent period was 9–14 days.
Mild diarrhoea (common clinical sign of human strongyloidiasis) was found in infected gerbils carrying
a high number of adult parasitic worms (>100 worms/gerbil). Focal lesions were also presented at
the larval or MPA injection sites of a high number of adult parasitic worms, as previously found in a
previous study [32]. Other clinical symptoms were not found.

The most important characteristic of human strongyloidiasis is that the disease can be fatal in
immunocompromised hosts, due to hyperinfection and dissemination. The two fatal conditions arose
from increasing of autoinfection rates in which the L1s in the host’s intestines become the L3a and
complete their parasitic life cycle in the host, especially in immunocompromised hosts. However,
the small number of L3a were found in 2 mg MPA-treated gerbils, even L1s were numerous in the
intestines. The results were not consistent with the results from using dog isolate of S. stercoralis [27,34].
Either the characteristics of the parasites or the animal hosts affected the susceptibility. We suspected
that the discrepancies might be due to several factors. The autoinfection of dog isolate of S. stercoralis
in gerbils was induced by two factors, including treatment with MPA and injection with a high dose of
iL3s [27,34].

The corticosteroid drug is a major trigger for the development of autoinfection [8,9,35].
The minimum dose of MPA to induce the autoinfection of the dog isolate of S. stercoralis in gerbils
was 1 mg (Few L3a were found.). However, the number of L3a dramatically increased 400 fold when
increased to a dose of 2 mg MPA [27]. It is probably that using the higher dose of MPA (more than
2 mg) may induce autoinfection of human isolate of S. stercoralis in gerbils.



Pathogens 2019, 8, 21 6 of 10

Pathogens 2019, 8, 21 2 of 11 

 

complete their parasitic life cycle in the host, especially in immunocompromised hosts. However, the 
small number of L3a were found in 2 mg MPA-treated gerbils, even L1s were numerous in the 
intestines. The results were not consistent with the results from using dog isolate of S. stercoralis 
[27,34]. Either the characteristics of the parasites or the animal hosts affected the susceptibility. We 
suspected that the discrepancies might be due to several factors. The autoinfection of dog isolate of 
S. stercoralis in gerbils was induced by two factors, including treatment with MPA and injection with 
a high dose of iL3s [27,34].  

Figure 3. The process of experimental infections of human isolate of S. stercoralis in gerbils. 

The corticosteroid drug is a major trigger for the development of autoinfection [8,9,35]. The 
minimum dose of MPA to induce the autoinfection of the dog isolate of S. stercoralis in gerbils was 1 
mg (Few L3a were found.). However, the number of L3a dramatically increased 400 fold when 
increased to a dose of 2 mg MPA [27]. It is probably that using the higher dose of MPA (more than 2 
mg) may induce autoinfection of human isolate of S. stercoralis in gerbils. 

The genetic factors might influence the susceptibility of gerbils to the human isolate of S. 
stercoralis. There were variabilities in the susceptibility of the human isolate of S. stercoralis in dogs 

Figure 3. The process of experimental infections of human isolate of S. stercoralis in gerbils.

The genetic factors might influence the susceptibility of gerbils to the human isolate of S. stercoralis.
There were variabilities in the susceptibility of the human isolate of S. stercoralis in dogs [14,19–21,36].
The human isolate of S. stercoralis is usually incapable to develop a patent infection in dogs. The genetic
analysis between humans and dog isolate of S. stercoralis showed the variations in Cox1, 18S rDNA and
28S rDNA genes [37–42]. Further studies about the genetics of humans and dog isolate of S. stercoralis
could be performed to get a better understanding about the susceptibility to gerbils. Moreover, a
different isolate of S. stercoralis might also influence the efficiency of infection. There was a variability
of S. ratti infection in rats. The usual dose to initiate an infection in the rat is 500 iL3s, however, there
was a severe case of using 500 iL3s of S. ratti wild isolate in the rat [26].

In summary, we demonstrated the use of immunosuppressed gerbils as a laboratory model to
maintain the human isolate of S. stercoralis life cycle. In this study, we showed that the human isolate
of S. stercoralis is able to develop a patent infection in MPA-treated gerbils, more than 18 months,
mimicking the chronicity of human strongyloidiasis. Interestingly, a number of recovered L1s from
this study were comparable to recovered L1s from gerbils infected with the dog isolate S. stercoralis
when the autoinfection occurred [27,34], even though the number of recovered adult parasitic worms
from this study were lower than using the dog isolate of S. stercoralis [27,34]. Further studies aim to
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induce the autoinfection in gerbils infected with the human isolate of S. stercoralis by increasing doses
of MPA and/or initial doses of iL3s. Moreover, the histopathology of the human isolate of S. stercoralis
would be demonstrated. Our findings provided a promising model for studying biology and searching
new alternative drugs against the parasites. Using gerbils has advantages in ease of handling and
breeding and cost.

4. Materials and Methods

4.1. Animals

The Mongolian gerbils (Meriones unguiculatus) were purchased from the Zooya farm (Bangkok,
Thailand) at about 4 weeks of age. The animals were screened negative for bacterial-, viral and parasitic
infections prior to entering into the facility. They were kept 2–4 animals/cage under controlled air
and temperature at 25 ± 2 ◦C. Gerbils were bred together in captivity for two generations. The F2
generation was used in experimental infections. The animals were provided with food and water ad
libitum. All animal experimental protocols were carried out under the approval by the Chulalongkorn
University Animal Care and Use Committee, Faculty of Medicine, Chulalongkorn University, Bangkok,
Thailand (CU-ACUC approval no: 022/2560).

4.2. Immunosuppression of Animals

To induce the autoinfection in gerbils, 6–12 weeks old gerbils were subcutaneously injected with
200 µL of 10–20 mg/mL MPA (total 1–2 mg, depending on the experiments) at day −3, 0, 7, 14 and
21 p.i.

4.3. The Human Isolate of S. stercoralis Infective Stage (iL3s)

The human isolate of S. stercoralis was harvested from faecal specimens of strongyloidiasis patients
from the King Chulalongkorn Memorial Hospital, Bangkok, Thailand. Agar plate cultures were set
up to obtain iL3s for the experimental infections [43]. Approximately, 1–3 grams of stool specimens
were placed on the centre of agar plates and incubated at 25 ◦C for 5 days (Figure 3A). The iL3s
were collected from the surface of positive agar plates by washing with the buffer saline solution
(BU saline) (22 mM KH2PO4, 50 mM Na2HPO4, 70 mM NaCl). The iL3s were decontaminated by
using low melting point agarose and then axenized in BU saline with 100 U/mL penicillin, 10 µg/mL
streptomycin and 12.5 µg/mL tetracycline for 3 h (Figure 3B).

4.4. Experimental Infections

Immunosuppressed gerbils (6–12 weeks old) were subcutaneously injected with a suspension
of 1000–10,000 iL3s (depending on the experiment) in 200 µL of inoculation volume on day 0 p.i.
(Figure 3C). Each gerbil was separated for 1 animal/cage under controlled air and temperature
25 ◦C ± 2. There were 8 groups of experimental infections (Table 1). Group 1 and 2 aimed to test
whether immunosuppressed gerbils were susceptible to the human isolate of S. stercoralis, gerbils
in group 1 and 2 were immunosuppressed with 2 mg MPA and injected with 1000 and 10,000 of
S. stercoralis iL3s (obtained from human faecal cultures), respectively. Group 3–8 aimed to test whether
S. stercoralis could be maintained by gerbil-to-gerbil transfer, gerbil no. 11 from group 2 were used as a
source of iL3s for experimental infections in group 3–8. Gerbils in group 3–5 were immunosuppressed
with 1 mg MPA and injected with 4000, 5000 and 10,000 of S. stercoralis iL3s (obtained from gerbil faecal
cultures), respectively. Gerbils in group 6-8 were immunosuppressed with 2 mg MPA and injected
with 3000, 5000 and 10,000 of S. stercoralis iL3s (obtained from gerbil faecal cultures), respectively.
S. stercoralis infection in gerbils was confirmed by the presence of larvae in stool and parasitic adult
worms in the intestines.
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4.5. Coproparasitological Examination

To determine the susceptibility of infections and observe the prepatent period of the infections,
a semi-quantitative estimation of the number of L1s from infected animals were performed.
Approximately, 2 grams of faecal specimens were collected and cultured daily by using agar plates,
after day 7 p.i. The agar plates were observed daily for 5 days under a stereo microscope. The faecal
culture results were categorized by convention as: – (No tracks of migration and/or larvae were
found.); + (Only tracks of migration were found.); ++ (Free-living adults were first seen on day 4–5.);
+++ (Numerous free-living adults were first seen on day 3.).

4.6. Necropsy and Recovery of S. stercoralis

On day 28 p.i., gerbils were anesthetized and then euthanized by cervical dislocation.
The intestines and lungs of infected animals were slit longitudinally (Figure 3D) and individually
wrapped with gauze (Figure 3E). The organs were soaked in BU saline and incubated at 37 ◦C for 3 h.
After incubation, the contents of the intestines and lungs were examined for the presence of adult
worms and larvae under a stereo microscope. The morphology of adult parasitic worms and L1s were
represented in Figure 3F,G, respectively.

4.7. Statistics Analysis

All data were represented in the text and figures as a mean ± standard error. Averages between
groups were compared and tested for statistical significance by using the unpaired t-test. A P value of
< 0.05 was considered statistically significant.
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